
Introduction
Myasthenia gravis (MG) is a syndrome characterized by
fatiguing skeletal muscle weakness. A large body of
research on MG patients and on experimental autoim-
mune MG (EAMG) in animals has shown that the dis-
ease is Ab-mediated, producing loss of or compromised
function of skeletal muscle nicotinic acetylcholine
receptors (AChR’s). Three mechanisms have been
implicated: (a) autoantibodies against AChR cross-link
surface AChR and induce their endocytosis, resulting
in their depletion from the postjunctional membrane;
(b) the autoantibodies themselves interfere directly
with AChR function by blocking acetylcholine-binding
sites; and (c) the autoantibodies contribute to destruc-
tion of the endplate with consequent AChR loss (1–4).

Several lines of evidence indicate that complement
activation resulting from autoantibody binding to
AChR is a key effector mechanism in the pathogenesis
of MG. C3 activation fragments, C9, and the mem-
brane attack complex (MAC) can be detected at motor
endplates in patients and EAMG animals (5–7). Deple-
tion of C3 by cobra venom factor protects rats against
passively or actively induced disease (8–9). As a result of
diminished AChR density following initial induction,
animals become resistant to a second induction of pas-
sive transfer EAMG because of insufficient Ab deposi-
tion to activate complement or induce other effector
responses (10–11). Administration of anti-C6 Ab pre-
vents the development of EAMG in rats (12). In active-
ly induced EAMG, C5-deficient mice develop less severe
disease (13). Finally, treatment with soluble CR1, a
complement inhibitor, can protect against EAMG in
rats (14). These data, taken together, indicate that at
the motor endplate, C3b deposition and MAC assem-
bly with consequent membrane perturbation damage
the postsynaptic surface of the neuromuscular junc-
tion, compromising neuromuscular transmission.

Host tissues are protected from autologous comple-
ment-mediated injury by cell surface regulators that
function intrinsically in their plasma membranes
[reviewed in ref. 15]. These regulators consist of the
decay-accelerating factor (DAF or CD55), the mem-
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brane cofactor protein (MCP or CD46), and the mem-
brane inhibitor of reactive lysis (MIRL or CD59). Col-
lectively, these control proteins accelerate the decay of
autologous C3 convertases ( and ) and C5
convertases ( and ) that inappropri-
ately assemble on self cell surfaces (16), promote the
cleavage of uncomplexed autologous cell–bound C4b
and C3b fragments (17), and inhibit the formation of
autologous MACs, which brings about cell lysis (18–20).

In this study, we examined the role of DAF in pro-
tecting against AChR damage in passively induced
EAMG in mice. To accomplish this, we used DAF
knockout mice (21). Mice differ from humans in that
there are two Daf genes rather than one. While the sec-
ond Daf gene, termed Daf2, is constitutively expressed
only in testis and in dendritic cells of the spleen (21),
the first, termed Daf1, is expressed in almost all tissues
(21, 22) and thus is considered to be the counterpart of
the human DAF gene (22). Previous studies have shown
that neuromuscular DAF protein in mice derives from
the Daf1 gene (21). Consequently, we used mice target-
ed at this gene.

We found that following anti-AChR Ab administra-
tion, Daf1–/– mice devoid of neuromuscular DAF pro-
tein became dramatically sicker than their Daf1+/+ lit-
termates. Greater postjunctional membrane damage
was documented by electron microscopy (EM) in the
Daf1–/– mice, more marked reduction of AChR levels
was measured by specific immunoradiometric assay,
and more C3 deposition specifically directed at motor
endplates was found by immunohistological staining.
The results strongly suggest that DAF plays a critical
role in protecting the motor endplate and its surface
AChR molecules against autoantibody-initiated, com-
plement-mediated injury.

Methods
Daf1 knockout mice. Daf1–/– mice were prepared by
Cre/loxP-mediated deletion as previously described
(21). Embryonic stem cell strain GK129 was used, and
chimeric mice were bred into the C57BL/6 strain. The
mice were backcrossed for four generations, and
homozygous Daf1–/– mice and their Daf1+/+ littermates
were used at 8–10 weeks of age.

Induction of EAMG. EAMG was passively induced
using rat anti-mouse muscle AChR mAb McAb-3 (a gift
of Vanda Lennon, Mayo Clinic, Rochester, Minnesota,
USA), which binds to mouse skeletal muscle AChR (23)
(see Discussion). At time zero, 50 µl of purified McAb-3
(4.6 mg/ml) or ascites fluid containing an equivalent
amount of mAb was injected intraperitoneally.

Assessment of muscle weakness. Weakness was quanti-
tated as described by Karachunski et al. (24) by hang-
ing mice three times from a grid and measuring the
time it took for them to release their hold and fall
(holding time). Although weakness produced by
EAMG in mice is often not obvious (25) and the hang-
time test requires sensitization of animals with pan-
curonium bromide, in this investigation the effect was

so profound that this step proved unnecessary. Twen-
ty-four hours after Ab administration, the mice were
placed upside-down on a grid placed 3 feet above
ground level and the holding time was measured. Mice
were then kept under close observation and sequen-
tially analyzed at 24 and 48 hours, and videotape doc-
umentation was performed. Some animals received
intraperitoneal edrophonium injections to evaluate
them for a neuromuscular transmission defect.

Assay of mouse muscle AChR content. AChR content of
mouse muscles was measured by a solid-phase Ab-cap-
ture immunoradiometric assay (26). Increasing volumes
(in triplicate) of muscle extract labeled with [125I]α-bun-
garotoxin (αBTX) (27–28) were used, and anti–rodent
muscle AChR mAb 210 (26) was used as the capturing
Ab. Nonspecific [125I]αBTX binding was determined
using muscle extracts, preincubated for 1 hour with 1
mM unlabeled αBTX, from five randomly selected mice.
The amount of AChR in the muscles was determined
from the slopes of each sample and the specific activity
of [125I]αBTX on the day of the assay.

EM of nerve junctions. EM studies were performed as
described by Schneiter et al. (29), with exceptions as
noted. After overnight fixation in 2% glutaraldehyde
(with 0.1 M sodium cacodylate), the diaphragm was iso-
lated at the synaptic region by cutting a 4-mm strip
along the course of the phrenic nerve. The strip was
washed and postfixed in 1% osmium tetroxide for 30
minutes. Muscle was transferred to 1% uranyl acetate for
1 hour at room temperature, then dehydrated with
ethanol and embedded in LX112 resin (Polysciences Inc.,
Warrington, Pennsylvania, USA). Silver sections were cut
and stained with 2% uranyl acetate followed by Reynolds
lead citrate. Sections were examined with a JEM-100
CX11 electron microscope (JEOL USA Inc., Peabody,
Massachusetts, USA) at 80 kV. Photographs were record-
ed using Kodak EM film (Eastman Kodak Co.,
Rochester, New York, USA).

Immunohistochemistry. For analysis of C3b deposition
at neuromuscular junctions, cryosections of muscles
from mice injected with McAb-3 mAb were prepared
and double-stained with FITC-labeled goat anti-mouse
C3 Ab (ICN Biomedicals Inc., Costa Mesa, California,
USA) and Texas red–labeled αBTX (2 µg/ml; Molecular
Probes Inc., Eugene, Oregon, USA) to identify endplates.
Sections were examined with a Nikon Diaphot fluores-
cence microscope (Nikon Instruments Inc., Melville,
New York, USA) and analyzed using ImagePro software
(Media Cybernetics, Silver Spring, Maryland, USA). For
analysis of Crry and CD59 expression at the neuromus-
cular junctions, staining was performed using 1:50 dilu-
tions of rabbit anti-Crry and anti-CD59 antisera (kind-
ly provided, respectively, by M. Holers, University of
Colorado, Denver, Colorado, USA, and B.P. Morgan,
University of Cardiff, Cardiff, United Kingdom) or non-
immune serum. Secondary staining of the washed cells
was done with a 1:50 dilution of FITC-labeled anti-rab-
bit Ig (Pharmingen, La Jolla, California, USA), followed
by fluorescence microscopy as above.
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Results
Daf1–/– mice develop markedly increased weakness in experi-
mental MG. In initial experiments, two Daf1–/– mice and
their littermates were injected intraperitoneally with 50
µl of anti-rat AChR mAb McAb-3. Twenty-four hours
later, hang times were measured (see Methods). The
two Daf1–/– mice fell from the grid in 10 seconds and 30
seconds, while both of the Daf1+/+ controls held firmly
for more than 8 minutes.

In two further experiments, one using purified McAb-
3 IgG and the other its corresponding ascites fluid (each
with five pairs of Daf1–/– mice and their Daf1+/+ controls),
the knockout groups exhibited dramatically greater
weakness than the control groups at 24 hours, as
observed in the initial studies. Analyses at later time-
points showed that the weakness increased even further,
reaching a maximum at 48 hours. At this timepoint in
both experiments (Figure 1a), the Daf1–/– mice could not
even stand, but crouched at the corners of their cages,
and most died within 1–4 hours. In contrast, the Daf1+/+

mice exhibited no signs of weakness (Figure 1b).
In a third set of studies using the purified McAb-3 mAb

and three Daf1–/– mice, the disabled Daf1–/– mice were
given edrophonium intraperitoneally at the 48-hour
timepoint. In all three Daf1–/– mice, the drug reversed the
weakness in the appropriate temporal fashion, confirm-
ing that the debility was derived from impaired activa-
tion of the postsynaptic endplate potential.

Daf1–/– mice show greater endplate AChR loss and increased
C3b deposition. EM analyses of muscles from the treated
mice showed that there was dramatically greater post-
synaptic junction membrane damage in the Daf1–/–

animals than in the Daf1+/+ controls. In the Daf1+/+ con-
trols, 20 junctions from two mice were identified. Sev-
enteen of these exhibited normal architecture as depict-
ed in Figure 2a; three junctions had widening of the
synaptic cleft and a reduction in synaptic folds. This
contrasted with 20 junctions examined from two
Daf1–/– mice, all of which demonstrated simplified
junctional architecture and widening of the synaptic
cleft as shown in Figure 2, b and c. Compared with the

wild-type mice shown in Figure 2a, the junction folds
were totally simplified and the synaptic clefts were
widened. Within the clefts, there was electron-dense
material (Figure 2, c and d), most likely representing
globular fragments of the junctional folds shed into the
synaptic space. By contrast, the Daf1+/+ mice identically
injected with McAb-3 mAb showed normal morphology
with normally complex junctional folding (Figure 2a).

Comparative measurements of AChR levels in whole-
mouse homogenates of the Daf1–/– and Daf1+/+ mice by
specific immunoradiometric assay 48 hours after
injection of McAb-3 mAb showed more profound
reductions in the Daf1–/– animals. As shown in Figure
3, while AChR levels in Daf1+/+ mice were reduced to
approximately 55% of noninjection levels, levels in
Daf1–/– mice were reduced to 33% of preinjection val-
ues, although the difference in the number of mice
studied (Daf1+/+, n = 4; Daf1–/–, n = 8) did not reach sta-
tistical significance (see Discussion).

Immunohistochemical analyses showed that com-
pared with wild-type, strikingly more junctions from
Daf1–/– animals injected with McAb-3 demonstrated
C3b deposition (Figure 4, a and b). The staining was
intense and remarkably was specifically localized to the
motor endplate as assessed by αBTX staining.
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Figure 1
Daf1–/– and Daf1+/+ mice were injected with McAb-3 24 hours prior
to videotaping (photographs shown were acquired from video
images). (a) The Daf1–/– mouse had a hunched posture and could not
extend its digits. Its hind limbs could not support its weight. This
mouse had a hang time of less than 10 seconds. (b) The Daf1+/+ lit-
termate was normally active (shadow under belly, turning body),
showing normal posture and leg position. It had a hang time of more
than 8 minutes.

Figure 2
Electron micrographs of diaphragm neuromuscular junctions fol-
lowing injection with McAb-3 mAb. (a) Junction typical of those
observed in Daf1+/+ animals. It appears completely normal with
entirely normal synaptic architecture. ×25,000. (b) Junction from a
Daf1–/– mouse that was obviously weak, shows reduced synaptic folds
and a widened synaptic cleft. ×25,000. (c) Three neuromuscular
junctions from Daf1–/– mice, all exhibiting simplified junctional folds.
×8,000. The electron-dense material seen in the synaptic clefts of the
junctions in b and c is likely postsynaptic membrane shed from the
muscle by complement-mediated destruction. This material is seen
in (d) at a magnification of ×20,000.



With the low dilution of C3b Ab used, no sections of
the Daf1+/+ animals exhibited C3b deposits at the neu-
romuscular junction (Figure 4, c and d). These findings
are consistent with the EM studies that showed only
rare damage of junctions from Daf1+/+ mice.

Daf1–/– and Daf1+/+ mice have identical levels of other cell
surface complement regulators. Since self tissues are pro-
tected by other cell surface regulators in addition to
DAF, studies were done to verify that changes in these
molecules were not involved in the clinical and patho-
logical differences observed in the Daf1–/– mice.
Immunohistochemical staining for CD59 and Crry was
not different in distribution or degree in the muscles of
Daf1+/+ and Daf1–/– animals (data not shown).

Discussion
In this study we examined passively induced EAMG in
Daf1–/– mice devoid of neuromuscular DAF protein. We
found that following anti-AChR Ab injection, the
Daf1–/– mice showed dramatically greater muscle weak-
ness than their Daf1+/+ littermates. Reversal of the weak-
ness with edrophonium confirmed that the weakness
was due to a neuromuscular transmission disorder. EM
showed markedly greater destruction of postsynaptic
architecture. Specific immunoradiometric assay showed
more loss of AChR protein, and immunohistochemistry
revealed markedly enhanced C3b deposition, specifical-
ly localized at the motor endplate. These findings
demonstrate that DAF is critical in conferring protec-
tion against the development of weakness in passively
induced EAMG. McAb-3 mAb is an IgG2b isotype and
a known activator of complement that allows evalua-
tion of the role of DAF in protecting against the patho-
genic component of MG that is complement-mediated.
This Ab is directed against extracellular epitopes shared
by Torpedo and mammalian AChR, but does not include
the acetylcholine binding site (9, 23).

Further definition of the epitope of McAb-3 has not
been performed, to our knowledge. However, previous
studies have shown that this Ab produces myasthenic
weakness and reduces miniature endplate potential
amplitudes as well as muscle AChR content in rats and
guinea pigs. In rats, the effect has been shown to be com-

plement-dependent (9). Notably, in all past studies in
mice, although miniature endplate potential amplitudes
and total AChR are reduced, the animals usually show
no discernable weakness clinically. Studies of active and
passively transferred EAMG in mice have repeatedly
demonstrated that the resistance of mice to develop-
ment of clinical weakness is due to their high safety fac-
tor for neuromuscular transmission (24, 25, 30). Our
results therefore are all the more striking. The Daf1–/–

mice, which have normal AChR content and a similar
distribution of other complement regulatory proteins,
developed profound EAMG. In human MG the Ab
response is polyclonal, and other disease effector mech-
anisms (as noted in the Introduction), in addition to
complement, could produce neuromuscular transmis-
sion failure. Nevertheless, numerous previous studies
implicating complement argue that DAF and possibly
other intrinsic complement regulatory proteins would
have a critical protective role in the human disease.

Our ultrastructural studies of diaphragms of Daf1–/–

mice with EAMG demonstrated the classic findings of
EAMG and human MG (31, 32). The damage to the
postsynaptic architecture contributes to the neuro-
muscular transmission defect not only by reducing
AChR density but also by destroying the secondary
synaptic fold architecture that serves to focus current
flow on voltage-gated sodium channels at the depths of
the folds. Loss of synaptic membrane also leads to loss
of voltage-gated sodium channels. All these factors lead
to a compromise of the endplate potential necessary to
generate an action potential and thereby induce muscle
contraction (30). The severity of the ultrastructural
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Figure 3
Whole-animal AChR levels in Daf1–/– and Daf1+/+ mice 48 hours
after McAb-3 mAb injection. The bars (NI, noninjected; I, injected)
show changes in levels normalized to noninjection levels. Daf1–/–, 
n = 8; Daf1+/+, n = 4. *P > 0.05. The noninjection levels in the Daf1–/–

mice were not decreased relative to wild-type controls (0.213 vs.
0.160 pmol/g muscle).

Figure 4
Diaphragm muscles from the Daf1–/– (a and b) and Daf1+/+ (c and
d) mice 48 hours after injection with McAb-3 mAb. αBTX stain
demonstrates the endplate regions (a and c). Double-labeling with
FITC-labeled anti-C3 Ab (1:3,000 dilution) demonstrates C3 dep-
osition at almost all junctions from the Daf1–/– animal (b), while no
complement deposition is observed in junctions of muscles from
the Daf1+/+ animal. Scale bar = 100 µm.



damage was profoundly greater at the endplates of
Daf1–/– mice, strongly indicative of much greater com-
plement-mediated damage.

Edrophonium reversed the muscle weakness pro-
duced by EAMG in the Daf1–/– mice, verifying a defect of
neuromuscular transmission. Edrophonium inhibits,
for a short period of time, acetylcholinesterase activity
that is concentrated at the neuromuscular junction
(33). This inhibition transiently increases the amount
of acetylcholine available to bind AChR, thereby elevat-
ing the endplate potential above threshold for action
potential generation. The reversal of weakness by edro-
phonium confirmed the myasthenic nature of the weak-
ness in the Daf1–/– mice.

Whole-animal AChR levels were reduced following
McAb-3 administration in both the Daf1–/– and Daf1+/+

mice. Previous studies have demonstrated a reduction
of AChR levels in mice treated with this mAb despite an
absence of weakness (9, 19). Although there was greater
reduction in the Daf1–/– mice than in the Daf1+/+ mice,
the difference was not impressive. Relevant to this
issue, the debris observed in the synaptic cleft by EM is
likely to be postjunctional membrane containing
AChR. Consequently, the AChR lost from the muscle
would contribute to the total AChR content measured,
and despite much of the AChR in Daf1–/– mice being
nonfunctional, would thereby limit the difference
observed between Daf1–/– and Daf1+/+ mice. By immuno-
histochemical measures, C3b deposition was marked-
ly greater in Daf1–/– mice. It is possible that C3b activa-
tion fragments that bind covalently could block AChR
function in addition to causing its loss. In this situa-
tion, AChR would still be detected by radioimmunoas-
say but would not be functional. Studies to investigate
this proposed mechanism of AChR inactivation are
beyond the scope of the present investigation.

A hallmark of human MG is the propensity for
involvement of the extraocular muscles (34). In the
mouse, gene expression profiling by DNA microarray
has shown that Daf1 gene expression is five- to seven-
fold lower in extraocular muscles than in other skeletal
muscles (35). There are several contributing factors to
the susceptibility of extraocular muscles to MG. The
present results, coupled with the mRNA expression
data, strongly suggest that the reduction of DAF ren-
ders these muscles more susceptible to complement-
mediated damage, a fact never appreciated previously.
As stated in the Introduction, MAC and C3 activation
fragments can be detected at motor endplates in both
MG patients and EAMG animals. This suggests that
MAC formed on the postsynaptic membrane damages
the membrane, leading to loss of secondary synaptic
folds and reduced AChR density. Of relevance to the
present study, the absence of DAF not only disables reg-
ulation of autologous C3 convertases, but also disables
regulation of autologous C5 convertases, leading to
increased uptake of autologous C5b and ultimately to
the assembly of autologous C5b9 complexes (MAC). If
expression of complement regulatory proteins is

reduced in human extraocular muscle as in mice, this
would make these muscles more susceptible to com-
plement-mediated damage.

In mice, in addition to DAF, there is another cell sur-
face C3 convertase inhibitor, termed Crry, that is
uniquely present in rodents. It is ubiquitously ex-
pressed and possesses functions that overlap those of
both DAF and MCP in humans. Because blocking Crry
function leads to spontaneous cell surface C3b deposi-
tion (36, 37), and because Crry knockout embryos are
destroyed in utero by maternal complement (36, 37), it
has been proposed that in rodents, Crry function can
substitute for the function of DAF. Our experiments
show that despite identical expression levels of Crry on
skeletal muscle of Daf1–/– mice and Daf1+/+ controls,
Daf1–/– mice are much more susceptible to passively
induced MG. The findings provide further evidence
that although Crry may be more dominant for regula-
tion of activation mediated by the alternative pathway,
DAF may be more essential for control of classical
pathway–mediated activation. This result is in accor-
dance with our previous findings in Daf1–/– mice of
much more severe renal damage in nephrotoxic
serum–induced nephritis (38).

It has been shown previously (14) that daily adminis-
tration of soluble human CR1, an extrinsic C3/C5 con-
vertase inhibitor, can protect against the development
of EAMG in rats, suggesting that complement
inhibitors might be considered as a therapy against
MG. Here, our results provide strong evidence in mice
that failed C3 regulation can dramatically predispose
to the manifestations of EAMG, strengthening this
proposition. Complement inhibitors might be useful
for the treatment of clinical MG, possibly in acute
flares. Additionally, Daf1–/– mice should provide a valu-
able animal model for further studies of MG, since as
indicated above, wild-type mice are extremely resistant
to the induction of the disease.
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